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ABSTNACT

The te:hnique of recordin4; stellar scintillations on magnetic
tape has 1,een developed to a satisfactory state and is presented as
a potentially usefu'l tool in the study of the atmosphere.

The tool has been used in a comparison of daytime and nighttime
stellar scintillation, in a comparison of t},e scintillation of double

stars, and in a comparison of stellar scintillation at opposite ends
of the visilie spectram.

The usefulness of "rcintillation moduli" to describe numerically

the shape of a scintillation curve is oeing explored, and their appli-
cation to the variation of scintillation with zenith distance and with
telescope aperture has been attempted.

The work on low frequency scintillation variation with telescope
aperture and with zenith distance has been completed and is presented
in taoular form for reference. Thesa indicate the order of scintil-
lation that results with a given telescopic system, at a given time of
day, and at a given zenith distance.

The exploratory survey into the nature of image motion has been
completed. The general independence of stellar scintillation and
image motion has been established, and values of image motion, in
seconds of arc, which might be expected under average conditions have
been determined from measures made on 1600 movie frames of stellar
image motion during the day as well as the night
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PERSONNEL AND ADMINISTRATION

There were no chanes in personnel and the only change in adminia-
tration was the appointment of Mr. William Protheroe as acting Project
Supervisor during September while Dr. Hynek was in Europe. During
September Dr. Hlvnek was officially on leave from the project.

Facilities at the University continue to be adequate for the pro-
secution of this contract work.

COMMUNICATIONS

A paper on observations establishing the independence.of what is
ordinarily termed 'astronomical seeing" and "twinkling" or stellar
scintillation, has been accepted for publication by the Journal of the
Optical Society of America. The paper carries the title ellar
Scintillatrn anZI-rmage Motion" and the author is Roger Hosfeld.

Dr. Keller presented a paper, "Experimental Verification of a
Theory of Astronomical Seein,;", at the summer meetings of the American
Astronomical Society, held at Boulder, Colorado, August 26-28, 1953.

Dr. Hynek discussed the present studies of stellar scintillation
in progress at The Ohio State University with many European astronomers
and presented talks on this sabject at the Stockholm Observatory at
SaltsJob'den, Sweden, at Lurid Observatory, Lund, Sweden, and at the
University of Helsinki, Helsinki, Finland.

STATEMENT OF THE PROBLEM
AND METHOD OF ATTACK

The basic problem remains the same, the study of the effect of
the .t.o..here on celestial images (a) to obtain harmonic analyses of
stellar scintillation and to establish parameters of scintillation
which may prove useful in military and meteorological applications and,
of course, in the physical study of the atmosphere; (b) to study the
manner in which an image moves, in the daytime as well as at night,
and to establish a correlation, or lack of it, between scintillation
and image motion; and (c) to attempt a theory of atmospheric effects
on the stellar image.

I,
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SB'1.4ARY OF SIGIIFICANT REULTS
OBTADIED DURING. REPORT PERIOD

1. BCINrILLATION STUDIES

Many eie.nificant observational data were obtained during the report
period, enabling definite voielusions rciaxdin• scintiliation and image
motion %o be drawn, but perhaps the matter of most overall significance
wos the establishment and "provinq-out" by Mr. Protheroe of the tech-
nique of recording stellar scintillation on madnetic tape, during both
nighttime and daytime. In the rntter of a few minutes, a "acintillogram"
on tape can be ohtained which gives a recordof the stellar scintillations
characteristic of the atmospheric con6itions prevailing at that time.
The record can then be "played back" .t one's convenience and a detailed
harmonic analysio made at leisure.

The chief advantages of this technique are (1) elimination of
changing atmospheric conditions during an analysis and (2) availability
of as many points on the frequency curve as desired and (3) permanency
of record and availability for re-analygis. Item (1) is especially
important. To obtain a large number of points on the scintillation
frequency curve, such as is necessary in establishing fine structure
along the curve, the time needed to make the analysis directly at the
telescope is prohibitive, and even if the atmospheric conditions remain
identically the same, the zenith distance of the star changes appreci-
ably during the interval of observation. With a tape recording, the
observations are made in a matter of minutes, but "play-back" for
complete analysis can take the better part of the day.

The tape recordinZ technique nowallows an independent approach to
the problems already investigated by Mr. Hosfeld, who used the much
simpler technique of recording the integrated low frequency scintil-
lations, (0-10 cps) directly on a Brow4n Recorder. Of greater import-
ance, the new method allows an analysis of scintillation, frequency by
frequency, and an extension of studies to the higher frequencies.

Previously Mr. Protheroe had made harmonic analyses of scintil-
lation, including the higher frequencies, but by the more tedious
methods of direct recording, with a wave-analyzer at the telescope.

It is of interest to list the first applications of the tapeSrecorder techr.lque

(1) Comparison of day and night stellar scintillation
frequencies.

(2) Scintillation frequency curves for components of a
double star, extending the work of oosfeld on thf
incoherency of double star twinklingý.

[



(3) S•:titilntion frcqaenLýy curves for red nnd Aiolet
Portions of', the spectrim,

(4) •stanolishment of varlation of scintillation moduli
with zenith distance.

(I) variation of scintillation modulli with telescope
apertýLre •

(6) Comparison of star-planet scintillation frequencies.

A large part of the material in the above items comprises oridinal
work and some is supplementary and confirmatory to work done previously
here or elsewhere.

Before discussing the! above items, it will be best to present in
outline form also the sig;nificant results obtained during the report
period.

Since Mr. Hosfeld is to be transferred to another project as of
November 1, he devoted a considerable portion of this time to the re-
duction and compilation of results obtained on the present project
These results are two-fold: those concerning low-frequency scintil-
lation (0-10 cps, in terms of per cent of mean dc signal from the
star) of stars during the day and the night, as functions of zenith
distance and telescope aperture; and those doncerning the sotion of
the stellar image.

It can be stated that the investigation of integrated low frequency
scintillation of stars with respect to star elevation, star color, time
of day. and telescope aperture is now essentially completed. Functional
relationships have been established to a good degree of finality. Photo-
electric techniques were employed in the above. It is felt that addi-
tional work on these topics will produce little that is new.

In the second branch of thii work, carried out by motion picture
photography, a survey of image motion has been completed. Because of
the time-consumming observational work, it has been impossible to ex-
tend image motion work to correlations with zenith distance, telescope
aperture and star color. However, spot checks have been made which
indicate the nature of thL variation to be expected.

The scintillation and the image motion studies have established
i beyond all reasonable doubt that tihe two (Rcintillation and motion)

should be regarded as esseotially independent parameters of image
behavior.



Returniny now to a brief discussion of the individual items
covered above:

(a) In Fig,. I typical daytime and nighttime scintil-
lation-fequency curves arc contrasted. These
extend to higher frequencies, the unpublished

observations of Hosfeld (for 0-10 cps) that, as
a gentral "rule -of -thumb ", mximu m daytime
scintillation is nearly twice as great as nighttime
scintillation. These szintillation curves rep-
resent the first records made by magnetic tape
of stellar scintillation. Previously Mr.
Protheroe had made daytime and nighttime measures
using a wave-analyzer directly at the telescope.

(b) Analysis of tape recordinga of the combined scin-
tillation of the components of a double star are
shown in Fig. 2. The observed curve is compared
with two computed curves, one on the hypothesis
that the double star components scintillate co-
herently, and the other that the scintillation
of each of the components is random.

Mr. Protheroe observed each component of the double star separately,
and then in combination. T~e scintillation data for the separate com-
ponents were combined as though the star scintillated in phase and at
random, respectively. These two computations (top two curves on Fig. 2)
were then compared with the lowest curve which represents the scintil-
Lation arising from both components simultaneously, as observed at the
telescope. The latter agrees most closely with the "random" hypothesis.
This result confirms findinge on the components of Castor (separation
2".6) of Flosfeld* who employed essentially the same reasoning but used
the integrated scintillation (0-10 cps) technique. Protheroe's results
favor the hypothesis of incoherency over the entire frequency range.

(c) The phenomenon of twinkling in color, shown to
the unaided eye by stars close to the horizon,
clearly indicate that, at least in certain in-
stances, scintillation is not color-coherent.
This has not, as yet, been established for small

- • z~enl~h distances, an important point, since obvious
(to the eye) color scintillation disappears at

zenith distance les than 45 degrees.

A related question is whether the time-.integrated scintillation
curves are identical in different colors. rape recordings of stellar.
scintIllation made throug;h red and ultraviolet filters, using a 12.5
inch aperture, have been analyzed and repreBentative results are shown

Project Report No. 7 (July 25, 1953)
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sii Fitrs. F 1,- Fi 3 _-o)cernt the ti'ttnkln o Vega when very close
to •he 4;,nith, Fl •. 4 that; o' Arctu,,r,_:_ , t a zenith anjle 666.

There 'a no anrked difference in the ohapea of the scintillation
curves in the two colors, either for suall or large zenith diotances.
It appears, therefore, that whether or not instantaneous incoherency
in color scintillation occ.rs near the zenith (as we know it does at

' ilar,;e Leau/th di~tancci) thert is no nvprall d-ifference in the scintil-
lation of' a star in different colors, regardless of its zenith distan,!e,

for large apertures.

(d) In order to describe how scintillation curves
vary with the several parameters, e.g., zenith

distanae, Protheroe has adopted "3cintillation
moduli", as indices of scintillation, to char-
acterize the shape of a scintillation curve.

The scintillation modulus as defined at present is the ratio of the
average per cent sine wave modulation in a given frequency range to that
in the frequency range 2.5 to 10.5 eps. The frequency ranges in the
numerator of this expression have been chosen as 10 to 50 cps and 50 to
400 cps respectively for the purpose of conducting a preliminary study
of their usefulness as an index of the shape of the curve.

It should be emphasized that the scintillation modulus is a measure
of the sha e of the scintillation curve, and not of the amount of scintil-
lation.Thus Fig. 5 indicates the change in shape of the scintillation
curve with zenith distance without reference to the amount of scintil-
lation within selected frequency raan;es with zenith distance.

In Fig. 5 and 6 the open circles represent nighttime observations
and filled circles the daytime observations. In Fig. 5 it is clear
that there is in general. no change in the shape of the scintillation
curve from day to night, whereas Fig. 6 indicates that there in an
increase in the amount of scintillation from night to day, even though
the scatter is large.

(e) F71. 7 shows, in passing, another type of measure-
ment made with the tape technique, that of compar-
ing scintillation fr,.m a star with that from a
planet. This type of comparison, however, has been
done previously, by our observers and by other
investigators. The results here are confirmatory.

(f) Further tape recordings of scintillation were made
to supplement previous work, here and elsewhere, on
the effects of decreasing aperture upon the nature
of scintillation. Circular apertures alone are re-
ported here, althouo;h work is in progress on the use
of rectanwular slits in various orientations, The
tape recordings vere confinued to observations at the
zenith.

Si
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. -- .•(1,or ;otit' 'If the resiltn relAtin+• scintuillntion anA
ni•:rt." Thu r* ),.irds3 ro 'er r vlai--vc•v tfcv onervqons but are

;14 'c -veo 'iý:~~2.Q~

iV Fi/. Q, r-Iat! ve se!ntillntirn wi lh aperture is given. Th½
-ralh, whi-h prcnentrs tht, data In ratio form, choulu be compared w•ith
Ltne p, receuing one, whd,:h presents the date 1n terms of actual scintil-
1a1tlon. The data of both r.;'a-eh£ reprcscnt. obsurvi'tlonl on five nights.

These tape rez:ording studies of scintillation as a function of
aperture supplement, and extend to higher frequencies, the studies
recentl completed byi Hoofeld (shortly to be published in a Scientific
Report) ini the 0-10 cps regIon. A short resume'of Hosfeld'o aperture
stu•dles will be -tiven here in Fir. 10 and in Tables 1 and 2.

Hosfeld's studies correlate low frequency scintillation with vary-
Jn:- apcrture and zenith distance while Protheroe's work extends to all
freqiencie& but so far has been ionfined to the zenith. Hosfeld's
valies, Ia addition, cover the entire 24 hour period.

For purposes of comparison with Fijb. 9, there is given in Fie,. 10
Hosfeld's results for the zenith only. The observations cover an ex-
tended period of time. %his is important when one notes that relative
scintillation with aperture may also be a function of the character of
the turbulence pattern causing scintillation on a given day.

The dotted line in Fig. 10 indicates the increase in scintillation
to be expected if it varied inversely as the aperture. The observed
curve differs markedly from this, the greatest deviation occurin& at
the smllest apertures.

Fig. 10 should be compared directly with the open-circles curve
of Fig. 9. 'Te results ahow general agreement. Further observation
is necessary Lo determine whether the remaning minor discrepancy is
a function of the two widely different techniques of observation or
of the atmospheric conditions under which they were taken.

Turning now to another dimension, Table 1 gives the measured values
of per rent scintillation for four apertures (10-1/2, b, 3, and 1 inches)
at five zenith distances (0, 30, 45, 60, and 70 de-rees), and Tabole 2
pres~nts the sarn results in rntio form. All values are representative
mid-day vnlues; nighttime values are generally one-half the daytime
values. Per cent. scintillation is defined as the average peak-to-peak
scintillatior as measured on the Brown Recorder in the Integrated
rcgion, 0-10 cps, expressed as a per cent of the mean de stellar signal.

L
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TABLE 1

STELLAR SC1IIMLLATIO14, O-10 cin (PM CXNT OF MEAN dc SFELLAR SIGNAL)

1E(I:th Distanuce of Star Aperture of Telescope (circular)
Mgrees 12-1/2 inch inch 3 inch 1 inch

0 19 34 51 6
30 24 41 0 {o4
45 31 50 68 90
-0 50 75 95 125
70 85 120 145 --

TABLE 2
INCREASE OF SCINTILLATION OVER FULL 12.5 INCH APERTURE

Zenith Distsace of Star Aperture of Telescope (.crciiar)
Detrees 6 inch 3 inch 1 inch

0 1.8 2.7 3.3
30 1.7 2.5 3.1
45 1.6 2.2 2.9
6o 1.5 1.9 2ý5
"70 1.1 1.7 --

The factors in Table 2 prove to be ind,:pendent of the time of day,
i.e., a i3-nch aperture at 45 degrees zenith distance can be expected to
give 2.2 times as much scintillation as the 12.5 inch aperture, regard-
less of time of day or night.

F
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I._fGE MOTION STUDI.eS

A ne-ýond phase of th,ý work (!one b, Mr'. 1108feld, haL3 now 10() ')('en
D Lco-1 t iLL lqif l• F motion JActu~ru 2t"iIy oC" ifi;e Motion.

The pýhotocell ii, admirab'.y nuited for scintillation stuAien but
for itudlobs of the trntJon of the image the motion picture ,tamera -15
isr bjet Le

In previotJ reports, accounts of the progress of this6 work has
been ,iven (see eapeealy Progress Report No. 7). Wr. H{oaof'ld has
been collating this mterial on the subject, with the express puarpose
of su'?iwrizin, his r,-suilts on the total -mount of ima,_e fmotion to be
expected.

Unfortutitely, much more labor is required to obtain exact function..
al relations between ima..e motion and time of day and zenith distance
than betweenl these parameters and low frequency scintillations. Time
hna not. permitted a 1o:4i investigation of image motion. Nevertheless,
Table 3 presents the analysis of IWO motion picture frarws. Each entry
represents a sumnary of imge motion mensures on 100 frames. The two
columin are, respectively, the total range of motion (in Seconds of arc)
shown b' the image in 1Wy frames, taken at about 1 frame per second, and
the mean motion of the image if the ten per cent of frames showing great-
est deviation, and. the ten per cent shoving the least motion are neglect-
ed. That Is, the second column is a measure of the image motion to be
expected generally, with the "high" and "low" frinres omitted.

TABLE 3

Time Date Star Total Range nAverat.e Motion!

-A45 A.M 29 September Castor 3.5 2.2
9,15 A.M. 24 September Capella 5.8 3.2
9:22 A.M. 29 September Castor 7.1 3.6
9:35 A.M. 7 September Capella 3.3 2X0

10:30 A.M. 29 August Capella 5.8 3.3
10:45 A.M. 30 August Capella 4.4 2.4

1 i 1:15 PýM. 24 September Arcturus 5.6 3.4
2:315 P.M. S e pptcMbcr ,rctur,1s 10.1 5.b
3:35 P.M. 1 October Vega 5.3 2.4
4tio0 P .M. I October Arcturu• Y.7 3.5
6:10 PoM. 29 August Arcturus 3.4 1.2
6:40 P.M. "9 August Vega c.i 1.2
8:20 P.M. 7 September Vega 2.6 1.9
8:45 PM. 7 Septemuer ArctLwus 6.0 2.6

i0:40 P.M. 8 September Vega 5.1 2.2
1:50 P.M. '26 Aug-ust Veg.a 5.4 2.9

4,
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All obner vat~ona -. re made at zenith distances of approximately

10 de ;r extph the eveiiini, observationa of 7 September. In that
case VT- was i, than ;tve degrees from the zenith and Arcturus was
65 deirees avwy, Tt appears, from limited evidence, that image motion
doen .iot obey the some law of increase with zenith disatance th:qt
scintillatiou does.

It should be pointed out that two 3-inch apertures separated by
9 inches center-tr-center were used in studying imge motion. Each
R'i-inch apertuart fori its o-n xtellar image and when examined out-of-
focas (as in the Hartmn test), the two separated Imges can be been
describing relatively independent motions. These independent motions
result in fairly rapid changes in image spacing, being sometimes clo~e
together, aometimts widely separated. Photographs of 1/25 second ex-
posure time were taken at 1 to 2 second intervals until 100 samples of
the image separation were obtained for each run.

These 100 separations were then measured to the nearest 0.1 second
of arc and the resulting frequency distribution and cumulative frequency
distribution were plotted for each run as illustrated in Fig. 11.
Circles and crosses represent independent measures on the same data.
If the incident vavefront at the telescope were undisturbed, all image
pairs would have the samec spacing, but if the wavefront is distorted
by its passage through the earth's atmosphere, and if that distortion
is changing rapidly, the separations will be different from photograph
to photograph, with the degree of distortion being reflected in the
ura of observed image separations. i!o measures of this spread of
separation values are given in Table 3. The first measure is the total
range over which the spacing changes; e~g., if the closest pair of
ima6Zes shows 4 seconds of arc separation and the greatest spacing is
10 seconds of arc, the range, or total change in separation, is 6
seconds of arc. Since this criterion is determined by the two extreme
values obtained during the run of 100 observations, a single fortui-
tously large or small value might give a range which would not be
representative of the entire run. For this reason a second measure of
the spread is included, obtained from the cumulative frequency plot,

which is the separation at the 90th percentile minus the separation
at the 10th percentile. This particular choice of values was dictated
by the fact that the lower upper and upper lower "wings" of the
cumulative frequency plot uegin to flatten at about the 10th and 90th

percentile respectively so that these values are relatively stable and
yet include the bulk of the observed spacings (80%).

It should be noted that the number of seconds of arc over which an
image in a 3 inch telescope can be expected to move Is about one half
of the value reported in the "range" column, since the closest spacing
of the images can oe expected when both move toward etch other by the
aaximum amount of indivilual wotion and the farthest spacing when each
moves away by the maximum displacement.

I!I
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W.6 larly, for tele.•,'o-cr o, larre apcrture where the i Idivid(I n
portQlo15 of th'e total innee are oub~iect to the dlis.l]acemenLs meatiu'ed

-!,y '-l l,, , c,• 10c; spread over an arer. half the

d~~ter of" Ohe valIeS etioi'ted il 'abile .

FLUTJRE WORK

Under thc limilted extension of' the present contract, effective
October 1, 19:,3, Mr'. Protheroe i3 to carry on and complctet his prebent
program o.' tape recordinr of stellar scint illation with the purpose of
"•tliL •down" quantatntl',ely the variation of scintillation frequencies
with zenith distance, time of day, and Ceneral meteorolotical conditions.
Mr. Protheroe will also exnmine a series of" scintillation curves for
"fine ctrueture"; that is, for periodicities or preferential frequencies

in stellar siantillation.

At the close of the extended contract it is hoped that the tech-
nique of magnetic ta-;e recordiiir of stellar scintillation will have
been established as a standard and usable adjunct to atmospheric studies.

Investigator .D ate . ... ......... .... ...

S uporvisor . .................... D ate ...........

For The Ohio State University Research Foundation

],:xeeutive lDirect,)r D.• " "... late. ) ./ .. :*L/
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DEPARTMENT OF THE AIR FORCE
AIR FORCE RESEARCH LABORATORY (AFMC)

lIAR 1 5 2000
MEMORANDUM FOR DEFENSE TECHNICAL INFORMATION CENTER (DTIC)

ATTN: DTIC-RS
8725 John J. Kingsman Road, STE 0944
Fort Belvoir, VA 22060-6218

FROM: AFRLNSIM
29 Randolph Road
Hanscom AFB MA 01731-3010

SUBJECT: Distribution Statement Change

1. The following documents have been reviewed and it has been determined that the distribution statement
is no longer appropriate. The documents are Progress Reports 1 through 8 under Contract No. AF19(604)-
41, Ohio State University Research Foundation, Columbus, OH.

a. Document No.: AD 000014
Title: Fluctuations of Starlight and Skylight
Date: 15 Mar 1952
Classification: Unclassified

b. I)ument No.: AD 00 7
Title.' tato Starlight and Skylight
Date: 1 2
Classific:ýn:classified

c. Document No.: AD 000066
Title: Fluctuations of Starlight and Skylight
Date: 25 Jul 1952
Classification: Unclassified

d. Document No.: AD 005282
Title: Fluctuations of Starlight and Skylight
Date: 1 Nov 1952
Classification: Unclassified

e. DocumentNo.: AD 010919
Title: Fluctuations of Starlight and Skylight
Date: 24 Feb 1953
Classification: Unclassified

f. Document No.: AD 021921
Title: Fluctuations of Starlight and Skylight
Date: 15 May 1953
Classification: Unclassified

g. Document No.: AD 021922
Title: Fluctuations of Starlight and Skylight
Date: 25 Jul 1953
Classification: Unclassified



h. Document No.: AD027024
Title: Fluctuations of Starlight and Skylight
Date: 23 Nov 1953
Classification: Unclassified

2. Request these documents be assigned Distribution "A" Statement. These documents
have been reviewed and cleared for public release by ESC/PA.

3. This action is in response to FOIA 2000-33.

NOREEN DIMOND
STINFO OFFICER

8 Attachments:
1. Rpt #1 (cover) (ESC 00-0346)
2. Rpt #2 (cover) (ESC 00-0347)
3. Rpt #3 (cover) (ESC 00-0348)
4. Rpt #4 (cover) (ESC 00-0349)
5. Rpt #5 (cover) (ESC 00-0350)
6. Rpt #6 (cover) (ESC 00-0351)
7. Rpt #7 (cover) (ESC 00-0352)
8. Rpt #8 (cover) (ESC 00-0353)

cc: AFRLNSIL w/o atchs
AFRLNSIP w/o atchs
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